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Preface
The author would like to make clear that this thesis was written under circumstances imposed by the
COVID-19 pandemic. As of March 7, 2020, access to research labs was unexpectedly lost and all
experimentation subsequently cut short. Additionally, the group lost access to spectral instrumentation
and digitally saved spectra. For that reason, spectra herein may be of poor quality or include
unofficial notes.
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Introduction
The Diels-Alder reaction has become a prominent synthetic tool due to the effectiveness for which
it facilitates the construction of new carbon-carbon bonds to form six-membered rings. In their first
publication on the reaction in 1928, Otto Diels and Kurt Alder judiciously envisaged its plethora of synthetic
applications: “thus it appears to us that the possibility of synthesis of complex compounds related to or
identical with natural products…has been moved to the near prospects.”1 In the aftermath of World War II,
the pair was awarded the 1950 Nobel prize for the so-called “diene synthesis” and, as predicted, it forever
changed the synthesis of natural products.2 Historically exemplified in the pioneering synthesis of steroids
like cortisone and cholesterol, R. B. Woodward applied the Diels-Alder reaction to form a key bicyclic
compound.3
The standard Diels-Alder reaction is a [4 + 2] cycloaddition between a diene and dienophile
forming two new bonds and a six-membered carbon ring in one stereospecific step (Figure 1).1 The
dienophile functions as an electrophile and can be strengthened by the addition of an adjacent electron
withdrawing group. It was importantly discovered in 1952 by Alder and Bong that by tethering the diene
and dienophile the first intramolecular Diels-Alder (IMDA) reaction was achieved.4,5 Further, 1960 work
by Yates and Eaton revealed that a Lewis acid would bind the electron withdrawing moiety to increase the
electrophilicity of the dienophile and subsequently serve as a powerful catalyst.6 With Lewis acid catalysis
came opportunities to work at conveniently low temperatures and to exercise greater regioselective and
stereoselective control.2 The IMDA reaction has since been widely employed for complex synthesis,
especially for natural products (Figure 2).

Figure 1. A general mechanism of the Diels-Alder reaction
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A recent example can be found in the synthesis of a naturally occurring group of antimicrobial
agents known as tubelactomicins. The Tandado group successfully synthesized four different
tubelactomicins variants through an endo selective IMDA reaction of highly substituted
octahydronaphthalene derivatives with unsaturated aldehydes carrying a terminal conjugates dienyne
(Figure 2a).7 Additionally, the same group applied an IMDA reaction to synthesize the bicyclic core of (+)spiculaoic acid A with impressive 100% endo selectivity in high yield (Figure 2b). Spiculaoic Acid A, a
natural product isolated from a Caribbean marine sponge, has been demonstrated in vivo to exhibit potent
anticancer activity against MCF-7 human breast cancer cells.8 Sequential approaches are also valuable, such
as the “one-pot tandem” IMDA-IMHDA recently demonstrated by Tanaka et al. synthesis of (-)-FR182877,
another naturally occurring anticancer agent, via sequential cycloadditions, calling it a “one-pot tandem
IMDA” (Figure 2c).9Our lab was the first to report a Tandem Intramolecular Diels-Alder (TIMDA)
reaction, involving two consecutive IMDA cycloadditions in a single synthetic step.10,11 TIMDA reactions
have similarly proved powerful in the synthesis of natural products.12 In a recent review of Alfavinine
synthesis—a naturally occurring class of antivirals—TIMDA reactions were demonstrated to build the core
ring structure (Figure 2d).13,14

Figure 2. Examples of recent applications of IMDA reactions in the synthesis of natural products like (a) antimicrobial
tubelactomicins and (b) the anticancer agent (+)-spiculaoic acid A as well as TIMDA reactions in the synthesis of (c) another
anticancer agent (-)-FR182877 and (d) Alfavinine antivirals
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Results and Discussion
The Synthetic Pathway
The synthesis and characterization of novel TIMDA reactions and their products have been the
continuing project of this research lab.9,10 Current focus is on the synthetic pathways leading to both IMDA
and TIMDA products shown in Figure 3.
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Figure 3. Synthetic pathways to the (A) IMDA and (B) TIMDA cycloaddition products. See experimental for further details.

The first four synthetic steps take commercially available 3,4-dihydropyran and allyltrimethylsilane to a
pivotal starting material referred to as aldol dimer (Figure 3). After reacting these commercially available
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reagents to form 2-allyltetrahydro-2H-pyran, the pyran ring is then opened through a Schlosser base
facilitated E2 elimination in step 2. The resulting 5,7-octadineol is then oxidized to an aldehyde, previously
achieved with PCC/Al2O3 or more recently the Swern method, this oxidation is now carried out by DessMartin Periodinane via a newly optimized procedure that rapidly became the method of choice. Finally, the
5,7-octadienal can undergo an aldol condensation when heated under reflux forming an a,b-unsaturated
aldehyde—the aldol dimer. One major product is consistently observed in the aldol condensation, but with
two dienes and a central conjugated enal, there are eight possible isomeric double bond products. Previous
work has demonstrated the major product (>95%) is the Z enal isomer with two trans (i.e. E,E) dienes.
The aldol dimer is such an important material as it can be taken through synthetic pathways A or
B, to the IMDA product (1) or the TIMDA product (2) respectively (Figure 3). Pathway B can be considered
a more direct synthetic route to 2; to achieve such a TIMDA reaction, alkylation with TMS-acetylene
followed by oxidation allows for formation of the second dienophile, complete with an electron
withdrawing group. This TIMDA precursor can then undergo a TIMDA reaction catalyzed by the Lewis
acid boron trifluoride to form 2. This single reaction forms four carbon rings, four new carbon-carbon
bonds, and four new chiral centers in one synthetic step. Alternatively, pathway A takes a stepwise approach
to 2, achieving a partial ring closure of the aldol dimer with ethylaluminum dichloride as the Lewis Acid
catalyst, forming two new carbon-carbon bonds, two rings, and 3 new chiral centers (Figure 4). The same
alkylation followed by oxidation can then be applied to 1, forming the TIMDA precursor that can undergo
boron trifluoride catalyzed ring-closing step to form 2.
Figure 4. Lewisacid catalyzed
IMDA reaction of
the aldol dimer Z
about the
conjugated enal.

Importantly, previous work by Daniel Manson (’15) and Hannah DeGraff (’15) has shown the
product of pathway A is identical to 2. By demonstrating identical stereochemistry, it can be deduced that
the diene and dienophile in Pathway A must react first and the two rings in 1 must form first in the TIMDA
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reaction yielding 2. Pathway A is therefore a stepwise approach to 2, meaning 1 can provide the opportunity
for stereochemical investigation of the configuration of three out of the four chiral centers in 2. The
stereochemistry of all four chiral centers currently remains unknown. Understanding stereochemistry, and
therefore elucidating the stereoselectivity of this reaction, is important to further synthetic applications, like
that in the synthesis of natural products or medicinally important compounds. Previous spectral work, even
the application of high-resolution 1H-NMR spectroscopy (800 MHz), was unsuccessful in determining the
relative configuration due to the overlapping of key peaks. The goal of this research was to synthesize and
derivatize the IMDA major product to determine its stereochemistry either by 1H-NMR or X-ray
crystallography. Further, computational methods were investigated to bolster an experimentally supported
hypothesis regarding the configuration of the IMDA major isomer.

Optimization of the Reaction Pathway
The value, in terms of both time and resource investment, of a starting material increases with each
step in a synthetic pathway. As a result, the optimization of each synthetic step is always in progress. The
very first step of this pathway combines 3,4-dihydropyran with allyltrimethylsilane in the presence of ptoluenesulfonic acid (TsOH) to form 2-allyltetrahydro-2H-pyran. As a solid, TsOH is difficult both to keep
dry and to work with. Through the work of Jonathan Stabile (’21), the method was altered to instead use
liquid methanesulfonic acid (MsOH) at the same stoichiometric ratio as an alternative. Though small, this
adjustment simplified reagents handling and decreased the water entering the reaction system, thereby
decreasing byproducts, such as silated water ((TMS)2O). Yields did see a drop to between 30-40%, when
previously as high as 66% with TsOH, demonstrating the need for further optimization.
Another focus of optimization, the third step of this pathway that oxidizes 5,7-octadienol to an
aldehyde, presented particularly significant synthetic difficulty. To stop oxidation at the aldehyde, rather
than permitting complete oxidation to a carboxylic acid, requires a mild oxidant. The Swern oxidation was
previously utilized for this step, applying dimethyl sulfoxide and oxalyl chloride to avoid toxic chromium
(VI) oxidants. This reaction led to high yields (> 90%), but was lengthy, requiring numerous reagents, and
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required extensive drying due to water sensitivity. Dess-Martin Periodinane (DMP) arose as a promising
oxidant to replace the Swern method.12 Advantageous not only as a rapidly selective oxidant, but DMP is
also water-tolerant, requires just the one reagent, and the reaction can be run at room temperature.
Beginning in 2018, work was done to optimize this oxidation methodology using DMP. A test
reaction using DMP to oxidize 5,7-octadienol found high-yielding conversion to the aldehyde in just thirty
minutes but identified the extraction method as a limiting factor to achieving high yields. Using octanol for
method optimization, flash chromatography was found to be a satisfactory alternative to liquid extraction
and typical yields are between 70 – 80%. Amelia Evans (’21) continued optimization efforts both to scale
the reaction up from 500 mg and to avoid pulling trace DMP solid through the silica column. She
successfully achieved comparably high yields scaling the reaction to over 1 g. However, a second column
has been consistently needed to avoid residual DMP solid. It is possible that, by returning to a liquid
extraction in future experimentation, this residual solid could be removed.

Stereochemical Analysis of the Intramolecular Diels-Alder (IMDA) Reaction of Aldol Dimer
As the IMDA product has been demonstrated to be a stepwise approach to the synthesis of the
TIMDA product, it can be used to study three of the four chiral centers. Previous work has shown
spectroscopic congestion caused by the more complicated TIMDA environment makes it difficult to
investigate the stereochemistry of the four chiral centers. Looking at the IMDA product, in proceeding from
the major Z isomer of the aldol dimer starting material, both exo and endo cyclization could occur, leading
to several potential isomers. Previous work by Matt Mailloux (’18) demonstrated consistent formation of
one major product (85%) as well as two minor isomers (15%). The major IMDA product has been
previously posited to be a result of endo cyclization, citing the “endo addition rule” of intermolecular DielsAlder reactions.2 Also known as the “endo addition rule,” it postulates that secondary orbital interactions
between the electron withdrawing group and the diene available in an endo cyclization stabilize the
transition state and therefore favor the endo isomer (Figure 5).15 This rule, however, best applies to
intermolecular cycloaddition reactions. Intramolecular Diels-Alder reactions are complicated by the
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competition between steric factors imposed by the necessary distortion of the tether between diene and
dienophile, often favoring an exo attack, and the aforementioned stereoelectronic benefits of proceeding
through the endo transition state.11

Figure 5. The possible (a) endo allowing secondary
orbital interactions and (b) exo transition states in the
IMDA reaction of Z aldol dimer.

The utilization of a Lewis acid catalyst, either ethylaluminum dichloride for this IMDA reaction or
boron trifluoride to form the TIMDA product, has important synthetic and stereochemical implications.
The acid acts as a catalyst through complexation with the electron withdrawing group of the dienophile,
increasing its electrophilicity and thereby accomplishing significant rate acceleration. Frontier orbital
theory provides greater insight into this effect. A Diels-Alder transition state involves a HOMO-LUMO
interaction, or the interaction between the highest occupied molecular orbital (HOMO) of the diene and the
lowest unoccupied molecular orbital (LUMO) of the dienophile.2,16 When the Lewis acid binds the
dienophile, the energy gap between HOMO and LUMO is decreased, thereby reducing the activation energy
and catalyzing the reaction.2 Previously requiring high temperatures, Diels-Alder reactions employing a
Lewis acid catalyst, such as this IMDA reaction, can instead be run at substantially lower temperatures—
an adjustment both more convenient and enabling greater stereoselectivity. Additionally, catalyzation with
Lewis acids increases the endo:exo ratio by providing greater stabilization of the endo transition state
through enhancement of the secondary orbital overlap.2 Thus, utilization of ethylaluminum dichloride in
this reaction not only enables work at 0 °C but should favor the endo isomer as the major IMDA product.
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As the latter stage of a multi-step synthetic pathway, building up the product necessary to
investigate the stereochemistry of this IMDA reaction posed a challenge. High yields are especially
necessary for such end-stage reactions, lending to extensive efforts to optimize the IMDA reaction of aldol
dimer. Previous such work by Mailloux demonstrated a plateau in the conversion of starting material with
maximum yields of 72%. It was posited that the E/Z isomerism of the starting material as well as the steric
bulk of the Lewis acid prevented complete conversion. The highest observed yield of 72% was perfectly
consistent with these previous findings. Evidenced by GC/MS analysis is near complete cyclization of the
aldol dimer major isomer (Figure 6, solid arrow). Additionally, though, small quantities of unreacted minor
isomers, identifiable by unique MS fragmentation patterns with 81 m/z base ion peaks, are seen as shoulders
flanking the major IMDA product on GC (Figure 6, dashed arrows).

Figure 6. GC/MS of a representative IMDA reaction with IMDA major product (*) and residual aldol dimer major (solid arrow)
and minor isomers (dashed arrows).
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However, these relative ratios observed by GC/MS were qualitatively contradicted by TLC analysis,
suggesting more comparable quantities at the respective Rf values for the IMDA major product and aldol
dimer starting material. Upon closer analysis, inconsistencies were seen between MS fragmentation patterns
assigned to the IMDA minor isomer typically seen flanking the major isomer to the left on GC (RT= 11.41
min). Previous work demonstrates slight variation in the relative heights of 119.1 and 130.1 base ion peaks
as well as the observation of either peak 207.1 or 212.1 following the molecular ion peak at 230.1 (Figure
7).

Figure 7. GC/MS of two representative IMDA reactions with MS of the GC peak left flanking the major product, typically assigned
that of an IMDA minor isomer (*). Note: the varying relative heights of 119.1 and 131.1 base peaks as well as the varying presence
of peaks at either 207.1 or 201.1 and 212.1

Although the inconsistencies are minor, they are of import as both are highly similar to the MS
fragmentation patterns of both an aldol dimer minor isomer and an IMDA product minor isomer. Such MS
fragmentation patterns have both been observed even within the same sample, suggesting that just as the
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aldol dimer major product is seen as shoulder overlapping this peak, another minor isomer of the starting
material may be present at the same GC retention time as an IMDA minor isomer. Additionally, because
the 1H-NMR chemical shifts of the aldehyde hydrogens in the aldol dimer and IMDA major products are
different, their relative integration can be cross-referenced with GC/MS, further supporting this conclusion.
Due to incongruities between 1H-NMR and GC/MS, there must either be more unreacted aldol minor isomer
remaining unseen behind the GC peak of an IMDA minor isomer, or this IMDA minor isomer has an
identical aldehyde hydrogen chemical shift to the starting material (Figure 8). Such a posture is important
to understand the yield and purity of the IMDA final product. Further, with a near identical presentation on
TLC and GC, such a hypothesis would have important implications for the purification method enlisted
which is currently silica gel flash chromatography. Future studies using GC/MS co-injection should be
examined to further investigate this hypothesis.

Figure 8. Representative 1H-NMR of IMDA product with a peak at the chemical shift for the aldehyde hydrogen of the IMDA
major product (solid arrow) and a peak at the shared chemical shift for the aldehyde hydrogens of the aldol dimer starting
material and IMDA minor product (dashed arrow).

Attempted Oxidation of IMDA Product
Oxidation was the first step in an attempt to derivatize the IMDA product for elucidation of the
stereochemistry of its three chiral centers. Oxidizing the IMDA aldehyde to a carboxylic acid will not alter
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the stereochemistry of the three chiral centers; the goals of such oxidation were two-fold. Firstly, by the
anisotropic effect, the carboxylic acid could alter the chemical shift of the adjacent chiral hydrogen enough
to reveal more nuanced information via 1H-NMR. Secondly, and most importantly, carboxylic acids are
often crystalline, opening the possibility of structural investigation by X-ray crystallography that would
provide the stereochemistry of our major isomer.
1. Pyridinium Dichromate (PDC)
Oxidation of the IMDA product was first attempted by pyridinium dichromate (PDC) in a solution
of dimethylformamide (DMF). A well-established oxidation method, this reagent was also seemingly ideal
for preserving the diene while taking the aldehyde to a carboxylic acid.17,18 The established method was
first attempted using octanal as a model aldehyde, allowing the flexibility of method optimization before
using valuable IMDA product. Flash chromatography was employed as the first work-up strategy and
resulted in a product of sludge-like consistency proving difficult for further analysis. A second octanal
model reaction was performed and successfully isolated the product using a water and ethyl acetate
extraction. This method was then applied at a small scale with IMDA product. After leaving the reaction
overnight (approximately 15 hours), this first attempt resulted in a major product with an MS fragmentation
pattern at a lower GC retention time (RT= 9.59 minutes) with no recognizable IMDA material remaining
(Supplemental Figure 10). This oxidation of IMDA product by PDC was then attempted one final time and
allowed to react for the better part of a week (approximately 144 hours). A GC/MS of the resulting product
contained only lower molecular weight compounds with no recognizable starting material present,
suggesting the PDC completely digested the IMDA product.
2. Oxone Monopersulfate (Oxone)
As such a proven oxidant, this lack of success with PDC suggested that perhaps steric hindrance
prevented access to the aldehyde. PDC is structurally bulky (Figure 9) and if the major IMDA product was
endo, the aldehyde would be positioned inside a cage formed by the rings. The unfavorable steric hindrance
of such a reaction seemed the best explanation for the failure of the well-established oxidation. This theory
would also support the running hypothesis that the IMDA major product is the endo isomer. Revising the
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oxidation strategy, oxone monopersulfate was found as an oxidant previously demonstrated to take more
sterically hindered aldehydes to carboxylic acids.19 In comparing its structure to PDC, it seemed clear that
oxone would be better suited for oxidizing a sterically hindered endo IMDA isomer (Figure 9).

O
O
HN O Cr O Cr O NH
O
O
Pyrindinium Dichromate (PDC)

O
K O S O OH
O
Oxone Monopersulfate

Figure 9. Structures of oxidizing agents pyridinium dichromate (PDC) and oxone monopersulfate

Opportunely, the published oxidation methodology for oxone, like PDC, was in DMF and the previously
established method was therefore immediately used to treat IMDA product with oxone and the reaction was
left overnight. Upon workup, GC/MS analysis of the product demonstrated the major compound present
was residual starting material, however, a new peak (RT = 12.56 minutes) represented a small amount of
successfully oxidized IMDA (m/z = 246), a new compound (Figure 10). Additionally, 1H-NMR supported
the conclusion that the compound was at least in part successfully oxidized, marked by a relatively
diminished aldehyde peak, and preserved diene motif (Supplemental Figure 11).

*
O

*

OH

O
OH

Figure 10. GC-MS of IMDA product treated with oxone monopersulfate after approximately 18 hours of reaction.
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A second reaction was attempted at a larger scale and a series of mini extractions allowed for
product formation to be examined over time. Extractions were performed and GC/MS samples taken after
24 hours, 144 hours, and finally after a month-long semester break. It was abundantly clear, especially after
one month of reacting, that there was some factor preventing more than limited oxidation (Figure 11). This
provided further support for the theory that the major IMDA product was the endo isomer, as steric
hindrance still stood as the best explanation for such limited conversion with previously demonstrated
oxidations.

Figure 11. GC-MS of IMDA product treated with oxone monopersulfate after approximately 1 month of reaction with (arrow)
IMDA acid. Note: molecular ion peak is not visible due to low concentration, but the fragmentation pattern is correct for the ID of
the acid.

Synthesis of an IMDA ester
After repeated failure to significantly convert the IMDA major product to a carboxylic acid, our
strategy shifted to alternative IMDA derivatization in search of a crystalline solid for X-Ray experiments.
Efforts instead turned to reduce the IMDA product to a primary alcohol enabling subsequent derivatization

- 15 -

Pelham
to an ester more likely to be solid. Notably, this reaction also would not alter the stereochemistry of the
chiral centers. Based on a tip from Professor Alison Frontier of the University of Rochester, the 4nitrobenzoyl group was suggested as the one to prepare an IMDA ester to ensure the formation of a solid
product (Figure 12). Additionally, reducing agents followed by conversion to a flat sp2 hybridized carbon
center were hypothesized to be more sterically feasible endeavors if, as oxidation attempts suggested, the
IMDA major product is the sterically hindered endo isomer.

Figure 12. Synthetic pathway for the formation of an IMDA ester by reduction to a primary alcohol followed by
the addition of 4-nitrobenzoyl chloride

1. Reduction of IMDA Product
In selecting a well-established reducing agent for a potentially sterically hindered aldehyde, the
clear choice was lithium aluminum hydride. With a plethora of compelling methods spanning back decades
for support, a small-scale reaction of IMDA product with lithium aluminum hydride was carried out in
anhydrous conditions.20 After just two hours, the reaction was demonstrated by GC/MS to have been
successful in the complete reduction of the IMDA major product to a primary alcohol with a final yield of
62% (RT = 12.03 minutes, m/z = 232.2, Figure 13). Notably, one isomer of the starting material did not
react (remaining m/z = 230.1). The GC retention time (RT = 11.4) and MS fragmentation pattern were
consistent with the previously described IMDA minor isomer or potentially overlapping aldol minor isomer.
Not only is a hydride ion small enough to likely avoid issues of steric hindrance, but as supported by
previous failure to oxidize, the major IMDA product is believed to be the sterically hindered endo isomer.
The reaction was repeated at a larger scale with a 60% yield and this result was found to be
reproducible—the one minor isomer remained unconverted. This suggests an unknown consideration other
than steric impacting the ability of this isomer to be reduced. Further work elucidating the stereochemistry
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of the major isomer would likely serve to further elucidate that of the minor isomers and clarify this result.
In the larger scale reduction, five reduced isomers (m/z = 232.2) were observed.

Figure 13. GC-MS of IMDA alcohol with reduced IMDA major isomer (*) and residual unreduced starting material (**).
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Based on MS fragmentation patterns, three appear to be reduced aldol dimer isomers —residual major
isomer and two minor isomers with the conspicuous 81 base ion peaks. The remaining two are then the
reduced major IMDA isomer as well as a minor IMDA isomer. Successful reduction was also confirmed
by the absence of aldehyde peaks on 1H-NMR in purified fractions of the product (Figure 14). Additionally,
newly present peaks at chemical shifts of 3.5 and 4.0 likely correspond to the CH2 hydrogens adjacent to
the hydroxy group. The presence of two peaks is because the protons, though chemically equivalent, are
adjacent to a chiral center, lending to their diastereotopic proton presentation.

Figure 14. 1H-NMR spectra of two samples of IMDA alcohol demonstrating the inconsistency of peaks between 3 – 4 ppm
corresponding to the now present hydrogens adjacent to the hydroxy group, in (a) at a small 27 mg scale the peaks appear at
different shifts and correct integration for these diastereotopic protons while (b) was at a larger 62 mg scale and presents with
inconsistent integration for the peaks assumed to correspond with the hydroxy adjacent hydrogens.
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2. Esterification of the IMDA Alcohol to 4-Nitrobenzoyl Chloride
We developed a modified method for the esterification of 4-nitrobenzoyl chloride to a primary
alcohol using triethylamine.21 First attempted with octanol, the reaction was allowed to proceed for twentyfour hours, after which the product was isolated by flash chromatography affording a 97% yield. The model
reaction was demonstrated to be successful and high purity was confirmed by GC/MS and 1H-NMR
(Supplemental Figures 16 and 17). The reduced IMDA major product was then isolated by pipette column
flash chromatography and a small-scale reaction was carried out to attempt ester synthesis with 4nitrobenzoyl chloride. The reaction was demonstrated to be successful by 1H-NMR at a moderate yield of
67% (Figure 15). In addition, upon visual inspection, there was clearly a solid present in the product.
Unfortunately, due to unexpected circumstances, the lab was closed before further characterization
by GC/MS, or a larger-scale reaction could take place.

Figure 15. 1H-NMR of 4-nitrobenzoyl addition to IMDA alcohol major isomer to form an IMDA ester

Computational Analysis of IMDA Stereoisomers
With the unexpected closing of the research lab and the halt of wet lab work, computational work
provided us an opportunity to continue the stereochemical investigation of the IMDA product.
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Computational work has been previously demonstrated to be a valuable tool in the complex analysis of
IMDA reactions.22-24 Computationally optimized parameters were used to build theoretical model structures
of each possible IMDA isomer (Figure 16). Assuming that both diene units of the aldol dimer were trans,
the starting conjugated enal could have either an E or Z configuration. Furthermore, cyclization can occur
either from the endo or exo face. This leads to four potential IMDA stereoisomeric products. Based on
theory and experimental data, the major IMDA isomer was predicted to be the endo product of the Z aldol
dimer. Please note that the E aldol dimer is a minor product that is not present in significant quantity
(<10%), therefore the presence of E IMDA isomeric products (Figure 16 c and d) can be ignored.

Figure 16. Possible IMDA isomers assuming both aldol dimer dienes are trans and either Z or E about the conjugated enal
leading to (a) Z-endo IMDA, (b) Z-exo IMDA, (c) E-endo IMDA, or (d) E-exo IMDA.

With help from Amelia Evans (’21), geometry optimizations were performed assuming ideality and in the
gas phase with a PM6 semi-empirical calculation in Gaussian 09. Next, for a more realistic model, a PCM
method of implicit solvation in dichloromethane was employed to model our experimental conditions.
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Implicit solvation does not include individual solvent molecules, but rather assumes a continuum dialectic
with bulk polarity, surrounded by a vacuum. These methods search for a “saddle,” or energetic minimum
to estimate thermodynamic properties. Enthalpies of formation based on the geometrically optimized
isomers were determined by both methods (Table 1). Calculations revealed that the Z-endo IMDA product
is predicted to be the most thermodynamically stable isomer by both assumptions (gas phase: ΔHf = -15.50
kcal/mol; PCM model: ΔHf = -19.47 kcal/mol). Importantly, these calculations demonstrate vast
differences in stability between the endo and exo IMDA isomers—a difference of almost 5 kilocalories
(4.83 kcal mol-1)—both originating from the Z-conjugated enal starting material and modeled in the reaction
solvent. Further, the endo approach—even from the theoretically less favorable E-isomer of the starting
material—is still more thermodynamically stable than the exo approach from either Z or E enal starting
material. Close inspection of physical molecular models convincingly demonstrates the steric strain induced
by any exo approach, further strongly supporting these computational findings.
Table 1. Computationally calculated enthalpy of formation (kcal mol-1) of IMDA isomers in
gas phase and with implicit solvation in dichloromethane

ΔHf (kcal mol-1)
IMDA Isomer*

Gas Phase

Implicit/ PCM Solvation

Z-endo

-15.50

-19.47

Z-exo

-12.44

-14.64

E-endo

-14.44

-18.79

E-exo

-10.33

-14.93

*all assuming both aldol diene motifs are trans; E/Z refers to starting material orientation about
the conjugated enal in the starting material

Examples of computational models for other IMDA reactions were referenced in an attempt to
contextualize these values without experimental values for comparison. One particular study by Pham et
al. (2014) included examples of IMDA reactions of various cycloalkenones, some forming adjacent five
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and six-membered rings presenting a reasonable comparison to our IMDA product (Figure 17).22 These
literature values for computationally derived enthalpies of formation for a representative IMDA reaction
range from 14.3-21.5 kcal mol-1 for endo isomers and between 14.7-22.1 kcal mol-1 for exo isomers.
Comparatively, the magnitude of our computational work falls perfectly within these reported
ranges.

Figure 17. Summary of IMDA reactions of various
cycloalkenones as reported by Pham et al. (2014) and
subjects of referenced computational calculations.

Our negative enthalpies notably reflect that this IMDA reaction is exothermic while those reported by Pham
et al. are positive and therefore endothermic.22 These differences are to be expected between different
cycloadditions, however, the comparable magnitude is encouraging, suggesting that these computationally
calculated values are reasonable.
However, these calculations do not account for kinetic factors, such as transition state stability. The
Alder-endo rule, for example, is based on the kinetics of the transition state. For an intramolecular DielsAlder reaction, the balance of factors like electrostatics and steric hindrance strongly contribute to
stereoselectivity. Computational models were attempted to approximate transition states and kinetic
stability for a more complete picture of the energetic favorability of each IMDA isomer. Models attempting
transition state calculations or applying QST2 level theory to predict a transition state structure were
unsuccessful. Attempts were also made to calculate the Gibb’s Free Energy of each isomer applying
M062X/6-31G* level of theory as often applied for Diels-Alder and IMDA reactions,22-24 however, values
did not appear realistic (on the order of 105 kcal/mol). Future computational work is necessary to determine
the isomer most kinetically stable in its transition state. What this thermodynamic computational data does
provide, though, is additional evidence supporting the hypothesis that the major IMDA isomer is endo.
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Conclusion
Products of a multi-step pathway were successfully synthesized, beginning with the commercially
available compounds 3,4-dihydropyran and allyltrimethylsilane, to form the an a,b-unsaturated aldehyde—
the aldol dimer. The oxidation in step three was successfully optimized using DMP oxidant to increase
synthetic capacity. The aldol dimer could then be taken directly through a TIMDA reaction or in a sequential
approach involving two separate IMDA reactions. Previous work demonstrated both pathways resulted in
identical products, meaning that the first IMDA product of the sequential pathway must represent the first
ring closures of the TIMDA reaction. As such, the IMDA reaction offers a simplified approach to studying
the stereochemistry of three of the four chiral centers formed in the TIMDA cyclization. The ability to
synthesize and purify IMDA major product is therefore of great import. Notable spectral inconsistencies
were observed in synthesis of the IMDA product, suggesting that another unreactive aldol dimer minor
isomer may be present but remains hidden on GC/MS by a shared retention time with an IMDA minor
isomer. Important to understanding the yield and purity of the IMDA final product, GC/MS co-injection
should be enlisted in the future to investigate this hypothesis.
Several attempts were made to derivatize the IMDA product to form a solid for absolute
stereochemistry assignment by X-ray crystallography. Oxidation was attempted unsuccessfully with PDC,
followed by attempts using oxone with limited success, yielding a small quantity of a new compound. This
unexpected lack of success with well-established oxidants suggests a reaction barrier, presumably steric
hindrance. The endo IMDA isomer hinders access to the aldehyde, suggesting these unsuccessful reactions
as evidence that the major IMDA isomer is in fact a result of an endo cyclization as previously hypothesized.
Reduction of the IMDA product by LiAlH4 then allowed for a successful small-scale addition of the 4nitrobenzoyl functional group to synthesize a novel IMDA ester compound in small yield. Interestingly,
one minor isomer of the IMDA product remained unreacted when treated with LiAlH4—seemingly contrary
to the previous evidence from oxidation attempts that the major isomer was endo with the most sterically
hindered aldehyde. It is possible that certain conformations of the diene, on the six-membered carbon side
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chain, may present more steric hindrance to the aldehyde in a minor isomer than previously considered.
Future work should involve a larger-scale synthesis of this IMDA ester followed by recrystallization to
attempt a crystal pure and sizable enough for analysis by X-ray crystallography.
With the unexpected closing of the lab due to the COVID-19 pandemic, research turned to
computational methods. Calculations demonstrated the endo IMDA isomer from the Z starting material to
be the most thermodynamically stable (gas phase: ΔHf = -15.50 kcal/mol; PCM model: ΔHf = -19.47
kcal/mol). What is most striking, when modeled in realistic dichloromethane solvated reaction conditions,
is the difference between the Z endo and exo IMDA isomers is almost 5 kilocalories (4.83 kcal mol-1).
Additionally, these values aligned well with reported values from computational work on other IMDA
reactions, supporting the conclusion that these calculations are reliable. However, intramolecular DielsAlder reactions particularly represent the important balance between electrostatics and steric hindrance.
Future computational calculations therefore should investigate kinetic factors like transition state stability
for a more well-rounded understanding of isomer stability. This thermodynamic computational work,
though, does provide important supporting evidence for the theory that the major IMDA product is endo.
In summary, this experimental and computational research bolsters the hypothesis that the major IMDA
isomer is endo from the Z starting material and provides a method to derivatize the IMDA product to a
seemingly solid ester to assign absolute stereochemistry by X-ray crystallography.

Future Directions
A possible experimental approach to this stereochemical quandary could be adapted from results
demonstrated by Visnick & Battiste (1985).11,25 These authors were able to quantitatively determine that
the kinetic product was their observed major product and prolonged heating enabled conversion to the
thermodynamically favored isomer (Figure 18).
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Figure 18. The IMDA reaction as
described by Visnick & Battiste
(1985) involving quantitative
assignment of kinetic and
thermodynamically favored isomers
by heating the major product to
observe complete isomerization.

This conversion was likely observed because of the trifluoromethyl groups; extremely electron
withdrawing, these groups increased the strength of the adjacent dienophile leading to the first ring closure.
Although this product is kinetically favored and forms more quickly, the trifluoromethyl groups undergo
steric strain in this conformation. Therefore, upon heating, this unstable product can undergo a retro DielsAlder reaction to recyclize forming the second product with the trifluoromethyl groups in more stable
equatorial positions.
It remains unknown whether the IMDA major product is endo or exo; computational calculations
reported herein suggest that the most thermodynamically stable IMDA isomer is endo. If, upon prolonged
heating, a conversion of the IMDA major isomer is observed via GC/MS, this would provide evidence that
the observed major product is exo, not the thermodynamically favored isomer—computationally estimated
to be endo. Whereas, if upon heating, no change is observed by GC/MS, that would potentially support the
conclusion that the major product is the thermodynamically favored endo isomer. We would be fortunate,
assuming the observed IMDA major product is exo, to observe such a recyclization to the energetically
more favorable endo conformation. Unfortunately, our IMDA product does not have any glaring features
that would promote a retro Diels-Alder like that reported by Visnick & Battiste. This approach may still
offer the possibility of qualitative support for the standing hypothesized stereochemistry while perusing
more quantitative evidence via X-ray crystallography.

Experimental
Many of the following reactions were prepared by past students and the products were well
characterized by 13C-NMR, 1H-NMR, and GC/MS. With access to reference spectra, herein work mostly
relied on 1H-NMR and GC/MS for characterization.
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Synthesis of allyl-tetrahydro-2H-pyran. A 100 mL RBF was cooled to 0°C by ice bath and 3,4dihydropyran (2.19 g, 26.034 mmol), allyltrimethylsilane (8.15 g, 71.322 mmol) were added with
dichloromethane (60 mL). The reaction was initiated upon subsequent addition of p-toluenesulfonic acid
(5.15 g, 27.074 mmol) and the RBF was capped with a calcium sulfate drying tube and left to stir at 0°C
for 90 minutes. The solution was vacuum filtered through a 60 mL sintered-glass funnel with silica (approx.
5 cm, 230-400 mesh) using dichloromethane (125 mL) as the eluent. Due to volatility, the product was
concentrated under partial vacuum by rotary evaporation for a total volume reduction of approximately
80%. Crude product was then transferred to a 25 mL RBF for purification by distillation. Three fractions
were collected from 43-100 °C, collecting residual dichloromethane, 100-105 °C, collecting (TMS)2O, and
any water present, and from 105 °C until the distillate temperature began to decrease again. Fraction 3
contained pure allyl-tetrahydro-2H-pyran for a yield of 66 % (2.173 g, 17.215 mmol). Product was
characterized by 1H-NMR and 13C-NMR (Supplemental Figures 1 and 2) and stored at 0 °C.
1

H-NMR: δ = 1.25 (m; 1H), 1.55 (m; 4H), 1.82 (m; 1H), 2.25 (m; 2H), 3.30 (m; 1H), 3.4 (m; 1H), 3.95 (m;
1H), 5.05 (m; 2H), 5.85 (m; 1H).
13

C-NMR: δ = 23.6, 26.1, 31.6, 41.2, 68.7, 77.1, 116.7, 135.2
Ring-Opening of 2-allyltetrahydro-2H-pyran. A 100 mL RBF was dried overnight then sealed

with a rubber septum and flushed with argon gas. A dry ice acetone bath was prepared in a dewar flask.
Lithium diisopropylamide (8 mL, 12 mmol, 1.5 M in cyclohexane) was added by syringe and cooled to 55 °C in the dewar. Potassium tert-butoxide (6 mL, 6 mmol, 1.0 M in THF) was added dropwise via syringe
over 5-10 min and RBF was cooled to -78 °C while stirring aggressively for 15 minutes resulting in a deep
red Schlosser base. To the flask 2-allyltetrahydro-2H-pyran (1.015 g, 8.043 mmol) was added slowly via
syringe over 5-10 min by syringe and the solution was stirred at -78 °C for 10 minutes before quenching
with methanol (1 mL, excess). The flask was removed from the dewar and placed in a room temperature
water bath. Small additions of dichloromethane were used as needed to break up the resulting orange gel.
The solution was vacuum filtered through a 60 mL sintered-glass funnel with silica (approx. 5 cm, 230-400
mesh) with dichloromethane (125 mL) as the eluent. The surface of the silica was gently disrupted as needed
due to the gel-like consistency of the material. The product was concentrated under rotary evaporation and
vacuumed to dryness on the Schlenk line with a heat gun. The resulting product was an orange oil for a
yield of 70 % (712 mg, 5.637 mmol). Yields were typically between 60-70%. Product was characterized
by 1H-NMR (Supplemental Figure 3) and stored in dichloromethane (1-2 mL) at 0 °C.
1

H-NMR: δ = 1.25 (m; 1H), 1.4-1.8 (several m; 4H), 2.15 (qr; 2H, trans), 2.25 (qr.; 2H, cis), 3.65 (m; 2H),
5.05 (d of d; 2H, trans), 5.15 (d of d; 2H, cis), 5.70 (m: 1H), 6.05 (m; 2H), 6.30 (m; 1H, trans), 6.65 (m;
1H, cis).
Dess-Martin Periodinane Oxidation of 5,7-octadienol. To a 50 mL RBF, dichloromethane (15
mL) and Dess-Martin Periodinane (DMP) (1.837 g, 4.331 mmol) were added. Rare reports in the literature
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that DMP is potentially explosive necessitate careful handling. DMP is transferred with plastic spoons and
weigh boats and stored at -80 °C; we have experienced no problems. The solution was stirred for
approximately 2 minutes before adding a 5,7-octadienol (501.7 mg, 3.975 mmol) solution
(dichloromethane, 3 mL) dropwise via pipette over 1-2 minutes. A calcium-sulfate drying tube was affixed
and the reaction was allowed to proceed at room temperature for 40 minutes. The solution was vacuum
filtered through a 60 mL sintered-glass funnel with silica (approx. 2.5 cm, 230-400 mesh) using
dichloromethane (35-40 mL) as the eluent. The product was concentrated under rotary evaporation and
vacuumed to dryness on the Schlenk line. The resulting product was an orange oily liquid with a yield of
72% (356 mg, 2.871 mmol). Product was characterized by 1H-NMR and GC/MS (Supplemental Figures 4
and 5) and stored in dichloromethane (1-2 mL) at -80 °C.
1

H-NMR: δ = 1.7 (m; 2H), 2.2 (m; 2H), 2.5 (m; 2H), 5.0 (m; 2H), 5.6 (m; 1H), 6.0 (m; 1H), 6.3 (m; 1H),
9.8 (s; 1H).
GC-MS: m/z = 124.1, tr = 4.2 min
Swern Oxidation of 5,7-octadienol. A 100 mL RBF was dried overnight (110 °C) with a large stir
bar then sealed with a rubber septum. The flask was flushed with argon and dry argon atmosphere was
maintained via balloon through a calcium sulfate drying tube fitted with a syringe and affixed to the septum
throughout the reaction. The flask was cooled to -60 °C by a dry ice and acetone bath in a dewar flask.
Anhydrous dichloromethane (16 mL) was added to the flask to cool. Oxalyl chloride (2.0 M, 4.35 mL, 8.7
mmol) was next added to the flask to cool. A solution of dimethyl sulfoxide (1.239 g, 15.85 mmol) with
anhydrous dichloromethane (1 mL) was prepared and added to the flask dropwise via syringe across 5-10
minutes and cooled to -65 °C. A solution of 5,7-octadienol (1.000 g, 7.92 mmol) was prepared in anhydrous
dichloromethane (3.5 mL) and was added to the flask dropwise by syringe over 12 minutes. The reaction
was stirred at -65°C for 35 minutes. Triethylamine (5.4 mL) was added to the flask slowly in approximately
1 mL increments and the reaction was stirred aggressively to prevent freezing. After approximately 5
minutes the reaction was warmed to room temperature and quenched with deionized water (10 mL). The
solution was transferred to a separatory funnel and the aqueous layer was washed with dichloromethane
(3x 10 mL) and washes were combined with the original organic layer. The combined organic layers were
washed with brine (25 mL) and dried with potassium carbonate. The product was isolated by gravity
filtration before concentrating under rotary evaporation and vacuumed to dryness on the Schlenk line
resulting in a 96% yield (783 mg, 6.228 mmol) of a yellow-orange oil.
See Dess-Martin Periodinane for 1H-NMR and GC-MS characterization.
Aldol Condensation of 5,7-octadienal. To a 50 mL, 14/20 RBF, 5,7-octadienal (1.117 g, 9.008
mmol) and potassium hydroxide (30 mL, 2.0 M, 60 mmol) were added. The flask was fitted with a reflux
condenser and the solution was stirred. The solution was warmed to 93 °C in a sand bath and the temperature
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maintained between 93 and 95 °C for 90 minutes. The reaction flask was then cooled to room temperature
in a water bath and dichloromethane (30 mL) was added to protect the organic during neutralization,
resulting in two phases. The solution was then neutralized with hydrochloric acid (approx. 30 mL, 2.0 M,
60 mmol) to a final pH between 5 and 7. The contents of the flask were transferred to a separatory funnel
and the organic layer was drained before extracting the aqueous layer with dichloromethane (2 x 15 mL).
The combined organic layers were then washed with brine (30 mL), dried over potassium carbonate, then
isolated by gravity filtration. The solution was concentrated under rotary evaporation and vacuumed to
dryness on the Schlenk line resulting in a dark oil for a yield of 73% (756 mg, 3.287 mmol). Aldol dimer
product was characterized by 1H-NMR and GC/MS (Supplemental Figures 6 and 7).
Full IUPAC Name of Major Isomer: (2Z,7E)-2-((E)-hexa-3,5-dien-1-yl)deca-2,7,9-trienal
1
H-NMR: δ = 1.6 (m; 4H), 2.1-2.4 (m; 6H), 4.9-5.2 (m; 4H), 5.6-5.7 (m; 2H), 6.0-6.1 (m; 2H), 6.3 (m; 2H),
6.5 (m; 1H), 9.35 (m; 1H).
GC-MS: m/z = 230.1, tr = 11.38 (major), 11.50 (minor), 11.55 (minor), 11.61 (minor), 11.64 (minor).
IMDA Reaction of Aldol Dimer. A 50 mL 24/40 RBF was oven-dried (110 °C) overnight. Upon
cooling, the RBF was flame-dried under high vacuum on the Schlenk line before being flushed with argon
(x3) and sealed with a septum. Argon was supplied via balloon through a calcium sulfate drying tube fitted
with a syringe and affixed to the septum to maintain dryness (Supplemental Figure 19). Aldol dimer (282
mg, 1.226 mmol) was diluted with anhydrous dichloromethane (2 mL) and transferred to the RBF by
syringe. The solution was stirred and cooled to 0 ˚C in an ice bath (approx. 10 minutes). Ethylaluminum
dichloride (0.9 M heptane, 342 µL, 0.308 mmol) was added dropwise over 5 minutes by gas-tight syringe.
The reaction was run for 2 hours at 0 °C before it was quenched with methanol (excess). The reaction was
vacuum filtered through a thin 30 mL sintered-glass funnel with silica (approx. 2.5 cm, 230-400 mesh)
using dichloromethane (75 mL) as the eluent. The solution was concentrated under rotary evaporation and
vacuumed to dryness on the Schlenk line resulting in a yellow oil for a crude yield of 72% (203 mg, 0.883
mmol). Product was characterized by 1H-NMR and GC/MS. To isolate the IMDA major isomer, a small
pipette column was prepared with a mass ratio of approximately 100:1 to determine the amount of silica
gel (230-400 mesh) required. The column was prepared first with a small amount of cotton, followed by
sand (~0.5 cm), before finally adding dry silica gel. The column was wet with DCM and allowed to drain
to near dryness before adding the product in a highly concentrated solution of ether. The column was run
continuously for approximately an hour collecting thirteen 1 mL fractions. Analysis by TLC demonstrated
the main product present in fractions two through six with the highest qualitative concentration in fraction
four and the purest in fraction six. Fractions containing the major product were further characterized by 1HNMR and GC/MS (Supplemental Figures 8 and 9).
1

H-NMR: δ = 1.2 (m; 2H), 1.4 – 2.2 (m), 4.95 (d; 2H), 5.05 (d; 2H), 5.6 (m; 1H), 5.8 (d; 2H), 6.0 (m; 2H),
6.2 (m; 2H), 9.55 (s; 1H).
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GC-MS: m/z = 230.1, tr = 11.51 (major), 11.41 (minor), 11.56 (minor).
Attempted Pyridinium Dichromate Oxidation of IMDA product. IMDA product (22 mg, 0.096
mmol) was transferred to a 10 mL RBF and diluted with dimethylformamide (100 µL). PDC was then
quantitatively transferred to the flask with the remaining DMF (400 µL). The flask was fitted with a calcium
sulfate drying tube and the reaction was stirred at room temperature overnight. The contents of the reaction
were transferred to a separatory funnel along with deionized water (10 mL). The aqueous layer was then
washed with ethyl acetate (2 x 7 mL). The organic layers were combined and washed with brine (12 mL)
and dried with anhydrous sodium sulfate. The product was isolated by gravity filtration and the solution
concentrated under rotary evaporation then vacuumed to dryness on the Schlenk line. This method was
unsuccessful in oxidizing the IMDA product as seen in GC/MS analysis (Supplemental Figure 10).
Oxone Monopersulfate Oxidation of IMDA product. IMDA product (60 mg, 0.261 mmol) was
transferred to a 25 mL RBF and diluted with dimethylformamide (1 mL). Oxone was then quantitatively
transferred to the flask with the remaining DMF (1.5-1.6 mL) for a total of approximately 2.5 mL. The
reaction was allowed to proceed at room temperature for varying amounts of time (15, 24, and 144 hours,
and 1 month) demonstrating limited difference in conversion. The contents of the reaction were transferred
to a separatory funnel along with deionized water (10 mL) to dissolve the salts and DMF. The aqueous
layer was then washed with ethyl acetate (3 x 5 mL). The organic layer was washed with brine (12 mL) and
dried with anhydrous sodium sulfate. The product was isolated by gravity filtration and the solution
concentrated under rotary evaporation then vacuumed to dryness on the Schlenk line. Yields were unreliable
at this scale due to numerous small workups but, previously, crude yields were as high as 92% at a 24 mg
scale (23.5 mg). But true yields were small based on characterization by 1H-NMR and GC/MS and therefore
the product was not isolated (Supplemental Figures 11, 12, and 13).
1

H-NMR: δ = 1.2 (m; 2H), 1.4 – 2.2 (m), 4.95 (d; 2H), 5.05 (d; 2H), 5.6 (m; 1H), 5.8 (d; 2H), 6.0 (m; 2H),
6.2 (m; 2H). Carboxylic acid hydrogen not observed.
GC-MS: m/z = 246.2, tr =12.55
LiAlH4 Reduction IMDA product. IMDA product (62 mg, 0.2696 mmol) was transferred to a 10
mL RBF and sealed with a septum. The flask was flushed with argon via balloon through a calcium sulfate
drying tube fitted with a syringe and affixed to the septum for the remainder of the reaction to maintain
dryness. Anhydrous ether (630 µL) was added via syringe and the solution was stirred in a room temperature
water bath. Lithium aluminum hydride (270 µL, 1M in THF, 0.27 mmol) was added slowly dropwise by
syringe. The reaction was allowed to proceed for approximately 110 minutes before it was quenched with
methanol (~2 drops, excess). The solution was vacuum filtered through a sintered glass funnel with silica
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(approx. 0.5 cm, 230-400 mesh) using dichloromethane (35 mL) as an eluent. The solution was concentrated
under rotary evaporation and vacuumed to dryness on the Schlenk line resulting in a yellow oil for a crude
yield of 59% (37 mg). Product was characterized by 1H-NMR and GC/MS. To isolate the IMDA alcohol
major isomer, a small pipette column was prepared with a mass ratio of approximately 100:1 to determine
the amount of silica gel (230-400 mesh) required. The column was prepared first with a small amount of
cotton, followed by sand (~0.5 cm, before finally adding dry silica gel. The column was wet with petroleum
ether and allowed to drain to near dryness before adding the product in a highly concentrated solution of
petroleum ether. In an earlier attempt, seven 1 mL fractions were collected. The first four fractions were
collected with petroleum ether and the subsequent three fractions with dichloromethane. Fractions were
analyzed by TLC (Rf = 0.25) determining that the major product began to appear in fraction five but was
most significant and pure in fractions six and seven. Fractions six and seven were combined and further
characterized by 1H-NMR and GC/MS (Supplemental Figures 14 and 15). In a later attempt to better isolate
the major product, the column was run continuously for approximately an hour collecting thirteen 1 mL
fractions. The first five fractions were collected with petroleum ether, the next two fractions collected with
a 50:50 solution of petroleum ether and dichloromethane, and the final six fractions were collected with
dichloromethane. Fractions were analyzed by TLC determining that the major product began to appear in
fraction seven but was most significant and pure in fractions eight through ten. This resulted in a final yield
of 36% (23 mg, 0.099 mmol).
1

H-NMR: δ = 1.2 (m; 2H), 1.4 – 2.2 (m), 3.47 (s; 1H*), 4.03 (s; 1H*), 4.95 (d; 2H), 5.05 (d; 2H), 5.6 (m;
1H), 5.8 (d; 2H), 6.0 (m; 2H), 6.2 (m; 2H). *integration inconsistent between reactions
GC-MS: m/z = 232.2, tr =11.94 (major), 12.05 (minor)
Esterification of the IMDA alcohol to 4-nitrobenzoyl chloride. IMDA alcohol major product (23
mg, 0.099 mmol) was diluted in anhydrous dichloromethane (200 µL) and added via syringe to a 5 mL
flame-dried, septum-sealed RBF. The solution was stirred at 0°C in an ice bath. Triethylamine was added
(18 µL, 0.129 mmol) dropwise by syringe. A solution of 4-nitrobenzoyl chloride (22 mg, 0.119 mmol) in
anhydrous dichloromethane (200 µL) was added dropwise by syringe. The reaction was allowed to proceed
for approximately 18 hours. The solution was vacuum filtered through a sintered glass funnel with silica
(approx. 0.5 cm, 230-400 mesh) using dichloromethane (15 mL) as the eluent. The resulting product was
concentrated under rotary evaporation and vacuumed to dryness on the Schlenk line resulting in a yield of
approximately 67% (25.0 mg, 0.108 mmol). Product was characterized by 1H-NMR (Supplemental Figure
18).
1

H-NMR: δ = 1.2 (m; 2H), 1.4 – 2.2 (m), 4.33 (d; 2H), 4.95 (d; 2H), 5.05 (d; 2H), 5.6 (m; 1H), 5.8 (d; 2H),
6.0 (m; 2H), 6.2 (m; 2H), 8.30 (dd; 4H).
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Computational modeling of the IMDA reaction. Structures were first built and optimized in
Avogadro26 before exporting for gas phase geometrical optimization in Gaussian 16.27 The method of choice
was PM628, a fast, semi-empirical enthalpy of formation calculation that helped set the basis of findings.
To approximate solvation, implicit methods were applied as intermolecular interactions are not anticipated
to be involved. Implicit solvation in dichloromethane was approximated by SCRF PCM methods.29
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Supplemental Figure 1. Representative 1H-NMR of 2-allyltetrahydro-2H-pyran
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Supplemental Figure 2. Representative 13C-NMR of 2-allyltetrahydro-2H-pyran

Supplemental Figure 3. Representative 1H-NMR of 5,7-octadienol
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Supplemental Figure 4. Representative 1H-NMR of 5,7-octadienal

Supplemental Figure 5. Representative GC/MS of 5,7-octadienal
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Supplemental Figure 6. Representative 1H-NMR of aldol dimer
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Supplemental Figure 7. Representative GS/MS of aldol dimer
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Supplemental Figure 8. Representative GC/MS of IMDA product
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Supplemental Figure 9. Representative 1H-NMR of IMDA product

Supplemental Figure 10. GC/MS of IMDA product treated with pyridinium dichromate after approximately 15 hours of
reaction.
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Supplemental Figure 11. 1H-NMR of IMDA product treated with oxone monopersulfate after 18 hours of reaction

*

Supplemental Figure 12. GC/MS of IMDA product treated with oxone monopersulfate after 18 hours of reaction
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Supplemental Figure 13. GC/MS of IMDA product treated with oxone monopersulfate after 144 hours of reaction
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Supplemental Figure 14. Representative GC/MS of the IMDA alcohol major isomer
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Supplemental Figure 15. 1H-NMR spectra of two samples of IMDA alcohol demonstrating the inconsistency of peaks between
3 – 4 ppm corresponding to the now present hydrogens adjacent to the hydroxy group, in (a) at a small 27 mg scale the peaks
appear at different shifts and at correct integration for these diastereotopic protons while (b) was at a larger 62 mg scale and
presents with inconsistent integration for the peaks assumed to correspond with the hydroxy adjacent hydrogens.
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Supplemental Figure 16. GC/MS of method optimization of 4-nitrobenzoyl chloride addition with octanol
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Supplemental Figure 17. 1H-NMR of method optimization of 4-nitrobenzoyl chloride addition with octanol
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Supplemental Figure 18. 1H-NMR of 4-nitrobenzoyl addition to IMDA alcohol major isomer to form an IMDA ester

Supplemental Figure 19. The apparatus used for the IMDA reaction, comprised of a calcium sulfate drying tube affixed with an
argon balloon to maintain a water free environment.
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